In this paper, tuneable comb filter using single-mode fiber (SMF) 
Introduction
Fiber optic communication systems have become the effective technology for high speed information transmission medium in both the long haul systems and the local and metropolitan networks.Within the last twenty years, fiber based devices have been developed extensively in the use as filters, sensors, amplifiers and lasers.The filter is an important component in the fields of fiber optic communication and sensing applications. The birefringent comb filter plays a significant role in the processing of microwave and optical signal. Because of the increasing application in multi wavelength fiber lasers [1] , it has attracted much attention in recent years [2] . It is desirable for a comb filter to be tunable in spectral spacing.
Various types of filters such as Fabry-Perot filter [3] , Lyot birefringent filter [4] , fiber grating filter [5] , birefringence fiber filter [6] , Sagnac loop interferometer [7] , Mach-Zehnder filter [8] , and tunable optical comb filters [9] have been proposed. All the fiber filters have the advantages of low insertion loss, low cost, and good compatibility in the fiber communication system. Waveguide-based MZI as a comb-like filter is a better choice [10] because of its inherent advantages of insensitivity to environmental change and high reliability. Recently, polarization independent tunable all-fiber comb filter based on a modified dual-pass MZI has been reported [11] . But this comb filter can be tuned for two fixed spectral spacing. Still we are far behind from the continuous tunability of the spectral spacing and the simplicity of maintaining polarization.
Recently, polarization maintaining fiber has drawn much attention in the field of fiber optic communication for its higher birefringence property. Research efforts in optical device technology have led to the emergence of polarization maintaining fiber devices that promise to reduce the maintenance cost and flexibility.We have introduced a new architecture of optical comb filter based on Mach-Zehnder interferometer which provides the highest tunability of comb spacing. In this paper, the design for a tunable comb filter based on MZI has been proposed and investigated theoretically. In a comparison, the insertion loss in optical fiber MZI tunable comb filter is very low and the extinction ratio is high as compared to the ordinary MZI filter. These types of filter are very simple in design and expected to have more efficient and flexible in functionality.
II. Methodology
The theoretical model of the proposed tunable optical comb filter is developed based on the schematic diagram as shown in The structure consists of one QWP, one HWP, one SMF, and one PMF segment. Two PMF lengths are considered to splice together in between two SMF segments. The splicing points are shown by a cross symbol in the figure. When light enters through the SMF it splits into two parts inside the PMF. One is along slow axis and another is along fast axis. Due to the path difference between slow and fast axis, there is a discrete path difference between two parts of the signal. This path difference can be controlled with the rotation of QWP. HWP is usually used to change the effective length of the PMF segment from maximum to minimum. But for the simplicity of the calculation HWP is considered fixed at 90 0 and here QWP is kept fixed at 45 0 . When these two parts of signal enter into the SMF again interference occurs. As a result of interference, sinusoidal transmission output is supposed to be expected. The spectral spacing of the output depends on length, refractive index of the fiber material and the wavelength of the input signal. Peak wavelength position of the output transmission also depends on these factors.
For the proposed comb filter, we can write the expression,
The matrices of the two interferometer arms, [ ] (n=1, 2) are
where is the phase difference due to path difference between two interferometer arms. P is the polarization element of the fiber and is expressed as,
QWP with fast axis vertical is given by; 
Using equations (2-6) in equation (1) we have,
Equation (7) gives,
Equation (7) gives, T (9) Equations (8) and (9) give output transmission spectra.
Proposed filter has the comb spacing given by the equation,
(10) Equation (10) indicates that spectral spacing depends on the refractive index (n), and length (L) of the fiber material. It also depends on the wave vector (k) i.e. wavelength (λ) of the input signal.
.
III. Results And Discussions

Transmission
Equations (8) and (9) (8). Fig. 2(b) represents the output transmission spectra according to theequation (9) . In both cases,expected output transmissions have been obtained.
Spectral Spacing
One of the main objectives to design the comb filter is to change the spectral spacing. Spectral spacing can be changed with the variation of different parameters. Here, wavelength of the input laser signal, refractive index and length of the fiber material have been varied to change the spectral spacing in the output transmission spectra of equations (8) (8) and (9) . In fig. 3(a) , the calculated spectral spacings are found to be 857nm and 500 nm when the refractive indices are 1.5 and 2.5 respectively. In fig. 3(b) , spectral spacing changes from 1636 nm to 1384 nm for the change of the refractive index from 1.5 to 1.8. So it is observed that in both cases, the spectral spacing decreases with the increase of refractive index of the fiber material. Thus we can achieve required number of channels by increasing or decreasing the refractive index of fiber material i.e. using graded-index fiber materials. The spectral spacing can also be changed by varying the length of the fiber. The variation of spectral spacings with the variation of fiber lengths based on equation (8) and (9) have been shown in figures 4(a) and 4(b) respectively. In figure 4(a), the peak to peak distances of 108 km and 83 km are obtained for the same fiber length using the refractive indices of 1.5 and 2.0 respectively. In figure 4(b) , for a fixed fiber length of 1200 km the spectral spacings are found to be changed from 218 km to 160 km by changing the refractive index of the fiber material from 1.5 to 2. In both cases, spectral spacing has been decreased with the increase of refractive index of the fiber material. Figure 5(a) represents the output transmission spectrum for the variation of refractive index based on equation (8) .We observed that refractive index of a material can be changed by changing its length. In figure 5(a) , for the change of material length from 160 km to 250 km refractive index changes from 1.125 to 0.5541. Output transmission spectrum based on equation (9) is shown in figure 5(b) . In this case, refractive index has been changes from 1.81 to 1.33 by changing fiber length from 180 km to 240 km. In both cases, refractive index decreases with the increase of fiber lengths. We consider a gradded index fiber in which refractive index decreases with the increase of fiber length. Thus we can have required number of peaks by increasing or decreasing the fiber length.
Spectral Spacing Variation
Spectral spacing is a function of wavelength of the input laser signal, fiber length, and refractive index of the fiber material. It also depends on the phase difference due to path difference between two interferometer arms. We have studied the variation of spectral spacing with different parameters keeping the phase difference ( ) at some specific values. Figures showing the relationship of variation of spectral spacing with the variation of wavelength, refractive index and fiber length are discussed below in brief.
With Wavelength Variation
Variation of spectral spacing with the variation of wavelength based on equation (10) has been shown in figure 6 . In equation (10) spectral spacing ( λ) is directly proportional to the square of the signal wavelength (λ). It's a nonlinear relationship between them which is shown in figure 6 . Here, wavelength (λ) and refractive index of the fiber material n=1.5 have been considered. It is observed that the laser signals exhibit the same behavior for different fiber lengths i.e. for L=200 km and L= 410 km. The non linear increment of spectral spacing with the linear increase of wavelength is observed from the above figure. Having refractive index (n) fixed if it is kept increasing of the signal wavelength λ , the spectral spacings λ will be increased obeying the relationship λ for any length of the fiber.
With Fiber Length Variation
According to equation (10) spectral spacings are being decreased with the increase of fiber length. Thus the variation of spectral spacing with the variation of fiber length has been shown below in figure 7 . Figure 7 (a) and 7(b) show the variation of spectral spacing with the variation of fiber length having two different refractive indices i.e. n=1.5 and n=2.5 respectively. Here wavelength of the laser signal (λ) has been used. It is shown that spectral spacing changes in similar manner for both of the fiber materials. From the above figure it is observed that spectral spacings decreases rapidly when the fiber length increased from 100 km to 300 km. Spectral spacing remains almost constant for the change of length from L=600 km onwards.
3.3.3with Refractive Index Variation
Spectral spacing change with the variation of refractive index in a similar manner as they change with the variation of fiber length. Figure 8 shows the variation of spectral spacing with the variation of refractive index of the fiber material having two different fiber lengths. It is observed that in both cases, spectral spacing decreases rapidly for the change of refractive index from n=1 to n=4. Spectral spacings remain almost constant for the change of refractive index from n=6 to above. So there is a limitation of changing wavelength spacing with refractive index.
IV. Conclusion
A new type of comb filter based on polarization maintaining fiber has been demonstrated and its operation in spectral spacing tunibility has been studied numerically. Continuous tuning of the spectral spacing can be obtained with simple adjustment of refractive index, fiber length and wavelength of the input signal. Graphs show that channel spacing can be increased or decreased by varying refractive index, fiber length and wavelength of the input signal. With our proposed comb filter we can adjust the waves to interfere with one another to ensure maximum transmission. The unique property of this filter is the polarization insensitivity. This comb filter is also expected to be useful to determine the specific tuning range of the output spectrum which is very important in WDM system. The proposed comb filter may find applications in generating tunable fiber laser as well as tunable multiple fiber laser sources. Finally, it is expected to find use in fiber sensor technology.
